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Regulation of Latent Sensory Hair Cell Precursors
by Glia in the Zebrafish Lateral Line
romasts. Mechanisms controlling the initial allocation of
latent sensory precursors and the timed regulation of
their subsequent development are largely unknown.
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The lateral line is derived initially from cranial plac-2Department of Biological Structure
odes, distinct ectodermal thickenings in the head thatUniversity of Washington
generate specific sensory structures (Stone, 1922;Seattle, Washington 98195
Northcutt et al., 1994; Piotrowski and Northcutt, 1996;3National Institutes of Health
Raible and Kruse, 2000). In zebrafish, the pLL placodeNICHD
polarizes at about 20 hr postfertilization (hpf), so thatLMG
anterior cells will differentiate into neurons, while poste-Bethesda, Maryland 20892
rior cells cluster together to form the 1 neuromast pri-4Department of Neurobiology and Anatomy
mordium (primI). PrimI migrates into the trunk along theUniversity of Utah
horizontal myoseptum, the midline of the somites (Met-Salt Lake City, Utah 84132
calfe et al., 1985; Kimmel et al., 1995). Periodically, clus-
ters of approximately 25 cells bud off the trailing edge
of primI to form a neuromast (Gompel et al., 2001a). TheSummary
primordium completes its migration by about 42 hpf
(Metcalfe et al., 1985; Kimmel et al., 1995). By 3 daysThe lateral line is a placodally derived mechanosen-
postfertilization (dpf), the complete pattern of 1 neuro-sory organ in anamniotes that detects the movement
masts is visible: five or six neuromasts along each sideof water. In zebrafish embryos, a migrating primor-
of the body at intervals of approximately five to sevendium deposits seven to nine clusters of sensory hair
somites, plus an additional cluster of two to three neuro-cells, or neuromasts, at intervals along the trunk. Post-
masts at the end of the tail (Gompel et al., 2001a).embryonically, neuromasts continue to be added. We
The second component of the lateral line system, theshow that some secondary neuromasts arise from a
lateral line nerve, is derived from both placode and neu-pool of latent precursors that are deposited by the
ral crest. Growth cones of pLL ganglion neurons extendprimordium between primary neuromasts. Interneuro-
into primI as it migrates (Metcalfe, 1985; Gompel et al.,mast cells lie adjacent to the lateral line nerve and
2001b; Gilmour et al., 2004). Neural crest-derived glialassociated glia. These cells remain quiescent while
cells migrate along the extending nerve just behind thethey are juxtaposed with the glia; however, when they
growth cones (Gilmour et al., 2002). Glial migration ismove away from the nerve they increase proliferation
dependent upon the nerve as a substrate; if the nerveand form neuromasts. If glia are manually removed or
is severed, then glial migration ceases (Gilmour et al.,genetically ablated by mutations in cls/sox10, hyper-
2002).sensitive (hps), or rowgain (rog), neuromasts preco-
As the zebrafish grows, it adds more neuromasts tociously differentiate. Transplantation of wt glia into
the set initially laid down by primI, so that there is amutants rescues the appropriate temporal differentia-
neuromast every somite by about 2 weeks and a stitchtion of interneuromast cells. Our studies reveal a role
of several neuromasts per somite by 1 month (Ledent,for glia in regulating sensory hair cell precursors.
2002; Sapede et al., 2002; K.A.G., unpublished data).
There are several proposed mechanisms for generatingIntroduction
2 neuromasts. A secondary primordium (primII), which
begins to migrate at about 48 hpf, produces some new
The lateral line system is a mechanosensory organ of
neuromasts (Sapede et al., 2002) but contains signifi-
aquatic vertebrates used to detect the displacement cantly fewer cells than primI, indicating that primII may
of water (Schulze, 1861; Platt, 1896; Stone, 1922). The not be responsible for generating all 2 neuromasts. A
sensory structures of the lateral line system are neuro- second model suggests that new neuromasts bud from
masts, discrete clusters of cells found on the surface the old ones after proliferation (Stone, 1935;Winklbauer,
of the head and body. The central cells of the neuromast 1989; Ledent, 2002).
are ciliated and are functionally and morphologically Here we show another source of new neuromasts:
similar to the mechanosensory hair cells of the verte- latent precursors that are deposited by primI as a thin
brate inner ear. Neuromast hair cells form synapses with line of cells, between the 1 neuromasts, and initially
bipolar neurons of the lateral line ganglia, whose central adjacent to the lateral line nerve. Differentiation of these
projection is to the hindbrain. interneuromastprecursors intonewneuromastscoincides
The posterior lateral line (pLL) in zebrafish develops with their ventral movement away from the nerve, sug-
in several phases: initially, within the first 2 daysof devel- gesting that interactions with the nerve might regulate
opment, primary (1) neuromasts differentiate along the timing of precursor differentiation. By analyzing mu-
each side of the trunk and tail, and subsequently, sec- tants that possess twice as many neuromasts as their
ondary (2) neuromasts develop in-between the 1 neu- wild-type (wt) siblings and by experimentally manipulat-
ing the lateral line nerve and associated glia, we demon-
strate that glial cells prevent precocious differentiation*Correspondence: draible@u.washington.edu (D.W.R.); piotrowski@
neuro.utah.edu (T.P.) of interneuromast cells. Our results reveal a role for glial
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Figure 1. eya1 Defines Latent Sensory Hair
Cell Precursors that Are Laid Downby the Pri-
mordium
(A–C) Expression of eya1 defines the primor-
dia, neuromasts, and interneuromast precur-
sor cells. All fish are positioned with anterior
to the left, dorsal to the top. (A) At 42 hpf,
eya1 is expressed in the 1 neuromasts and
in interneuromast cells, the trail of cells de-
posited by primI in-between the neuromasts
(black arrows). (B) At 77 hpf, the 1 neuro-
masts and the 1 interneuromast cells have
moved ventrally, and interneuromast cells ap-
pear expanded (black arrows). PrimII has mi-
grated substantially and is partially obscured
by a melanophore pigment cell (red arrow).
The neuromast labeled “2” appears to be de-
rived from primII. PrimII has also deposited
a trail of interneuromast precursor cells (red
arrowhead). (C and D) The 1 interneuromast
cells moved ventrally, while the pLL nerve
remains anchored at the horizontal myosep-
tum. The same 88 hpf embryo shown in
brightfield (C) and fluorescence (D). (C) At 88
hpf, the interneuromast cells derived from
primI form focal clusters, or preneuromasts
(black arrows). The neuromasts are labeled
as to their likely source: “1” from primI or “2”
from primII. The red arrow indicates primII;
the trail from primII is not distinguishable in
this fish (C). The pLL nerve is revealed by anti-
acetylated tubulin antibody staining; yellow
arrows indicate the pLL nerve. In places, fluo-
rescence is obscured by pigment cells and
in situ staining. (E–G) Interneuromast cells are
laid down by primI and are distinct from glial
cells, but the two cell types are closely juxtaposed. (E) Brightfield image of a 6 dpf fish. PrimI was uncaged at 26 hpf and allowed to develop
until 6 dpf. The embryo was fixed for immunohistochemical detection of the uncaged fluorescein (purple). Neuromasts are labeled, as well
as the interneuromast cells (purple). (F) Brightfield image of a 48 hpf Tg(foxd3:gfp) embryo, processed as the fish in (E) but fixed at 48 hpf for
immunohistochemistry of the uncaged fluorescein (purple) and for GFP (green). Neuromasts are labeled (data not shown), as well as the
interneuromast cells (purple). (G) Fluorescent image of the same fish in (F), showing that the foxd3:gfp-expressing glial cells are distinct but
adjacent to interneuromast cells. (H and I) Some 2 neuromasts are derived from primI. PrimI was uncaged at 24 hpf and allowed to develop
until 7 dpf. The larva was fixed for immunohistochemical detection of uncaged fluorescein (purple). (H) 1 neuromasts are labeled dark purple,
whereas 2 neuromasts that have arisen from interneuromast cells (2i) have a diluted purple label. Neuromasts derived from PrimII (2p) are
not labeled. (I) Propidium iodide staining of the same embryo as in (H). Clusters of nuclei reveal the positions of neuromasts.
cells in the temporal regulation of sensory precursor de- expressing glial cells prior to about 55 hpf (Figures 1F
velopment. and 1G).
Interneuromast cells move ventrally in an anterior-to-
posterior wave just preceding the migration of the 2Results
primordium, primII (Figure 1B, black arrows). Interneuro-
mast cells separate from the lateral line nerve, whichInterneuromast Cells Are Progenitors
remains anchored at the horizontal myoseptum (Figuresfor Postembryonic Neuromasts
1C and 1D). Coincident with this ventral movement, theAs reported previously (Sahly et al., 1999), eya1 is ex-
interneuromast line thickens and forms focal clusters,pressed in the lateral line placodes and migrating pri-
which appear to be developing 2 neuromasts (Figuremordia; expression persists in the pLL ganglion and
1C, black arrows). To verify that 2 neuromasts can ariseneuromasts. Additionally, eya1 is expressed in a thin
from cells derived from primI, we labeled primI by fluo-line of cells that lie in-between the neuromasts, which
rescent uncaging and allowed the fish to develop forwe have designated interneuromast cells (Figure 1A).
7–8 days. At this stage, 1 neuromasts are distinguishedThe interneuromast cells initially sit in a thin row along
by their intense dark purple staining (Figure 1H). Sec-the horizontal myoseptum. To determine the origin of
ondary neuromasts derived from primI have lighter pur-these eya1 cells, we followed cells by using a laser to
ple staining, presumably resulting from proliferation anduncage fluorescent dye in primI at the beginning of its
consequent dilution of the marker (see below). Addition-migration (26 hpf) and then analyzed embryos at 6 dpf.
ally, unlabeled 2 neuromasts derived from primII (desig-At this time, 1 neuromasts were labeled (as expected),
nated 2p) are distinguishable from the 2 neuromastsas was the chain of interneuromast cells, indicating that
derived from primI (designated 2i) after staining withthey are derived fromprimI (Figure1E). These interneuro-
mast cells are distinct from but lie adjacent to foxd3- propidium iodide (Figure 1I). Together, these results sug-
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Figure 2. Conditions that Lead to the Loss or
Delay of Migration of the pLL Glia Cause the
Excess Neuromasts Phenotype
Confocal stacks of lateral views of the trunk
of 4 dpf embryos, with anterior to the left,
dorsal at the top. Embryos were stained with
anti-acetylated tubulin antibody marking
both nerves and mechanosensory cilia (red)
and counterstainedwith SytoxGreen (nuclear
stain). The pLL nerve runs horizontally along
the horizontal myoseptum (A and C–G). (A)
In wt, a neuromast is present approximately
every five to seven somites. The conditions
in (B)–(G) result in approximately double the
number of neuromasts at 4 dpf; neuromasts
appear normal with mechanosensory hair
cells. The nerve is frequently defasiculated
and unanchored due the absence of glia (Gil-
mour et al., 2002) (B–F). (B) ngn morpholino
injection. Note the absence of the pLL nerve.
(C) Ganglion extirpation; the nerve has regen-
erated. (D) cls. (E) hps. (F) rog. (G) foxd3mor-
pholino injection. (H) Mean of the number of
neuromasts in various mutants/conditions
at 4 dpf. wt; ngn-MO; Gang Extirp. (ganglion
extirpation); cls; hps; rog (nd); foxd3-MO.
Standard error is shown. All manipulations/
mutants result in highly significant difference
in neuromast numbers compared to wt, p 
0.00001 via the Student’s t test.
gest that interneuromasts cells laid down by primI are only 11 base pairs has a similar effect on neuromast
numbers (15.2  0.27 neuromasts), while injection of a2 neuromast precursors that contribute to the postem-
bryonic lateral line. Furthermore, uncaging of both primI morpholino tomitfa, a gene required for pigmentation in
zebrafish (Lister et al., 1999), has no effect on neuromastand primII result in labeling of all neuromasts at 5 dpf,
indicating that at these early larval stages all 1 and numbers (7.0  0.12 neuromasts).
To support the idea that these excess neuromasts2 neuromasts are derived from cells deposited by the
primordia (Supplemental Figure S1 [http://www.neuron. were precociously differentiating 2 neuromasts, we
scored their timing of appearance (Figure 3). The initialorg/cgi/content/full/45/1/69/DC1/]).
deposition of 1 neuromasts in embryos injected with
ngn1-MO was not different than in controls. In all em-Regulation of Neuromast Number
by the pLL Nerve bryos, neuromasts increased in number over the next 3
days; however, the increase was substantially acceler-We noted that interneuromast cells appear to remain
quiescent while they are adjacent to the lateral line nerve ated in ngn1-MO-injected embryos. These data suggest
that disrupting the lateral line nerve results in precociousand expand only after they move ventrally, suggesting
that the nerve may negatively regulate their differentia- differentiation of 2 neuromasts.
We confirmed the role of the lateral line nerve in neuro-tion. To test this idea, we blocked lateral line nerve
formation by inhibiting function of neurogenin1 (ngn1), mast differentiation by manual ablation. We aspirated
the pLL ganglion in embryos at 21–22 hpf, after placodalwhich is required for the specification and differentiation
of placode-derived neurons (Ma et al., 1998; Blader et cells have differentiated into neurons but prior to signifi-
cant primordium migration. To confirm complete pLLal., 1997; Cornell and Eisen, 2002; Andermann et al.,
2002). We injected embryos with an antisense morpho- ganglion extirpation, we used a line of transgenic fish,
Tg(Hu::GFP), which expresses GFP in all neurons (Parklino oligonucleotide (MO) for ngn1 (Cornell and Eisen,
2002; Andermann et al., 2002). Fish injected with ngn1- et al., 2000). In 29 of 35 cases, nearly twice as many
neuromasts were found on the experimental side asMO have approximately double the number of neuro-
masts at 4 dpf compared to their uninjected siblings compared to the control side (Figures 2C and 2H), a
pattern strongly resembling that of ngn-MO fish. To-(Figures 2A, 2B, and 2H). Neuromasts appear morpho-
logically normal and have both ciliated hair cells and gether these results support the idea that interactions
between the nerve and interneuromast cells have a re-nonciliated, presumptive support cells (Figure 2B). Simi-
larly, injection of a ngn1 morpholino that overlaps by pressive effect on new neuromast formation.
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4). Glial cells, revealed by Foxd3 antibody staining, mi-
grate on the regenerating nerve as it extends into the
trunk (Figure 4A). Since the regenerating nerve does not
restore normal neuromast patterning, we hypothesized
that the nerve’s repressive function on interneuromast
cells is required soon after primI migration. To explore
this idea, we extirpated the ganglion either soon after
itwas separated from the primordiumor after theprimor-
dium and nerve had already extended down the trunk to
the level of somites 10–12. Early ablation of the ganglion
resulted in a marked increase in neuromasts at 4 dpf
(Figure 4B), as already described. In contrast, after later
ganglion ablation, the number of neuromastswas similar
on both sides of the embryo up to somite 12, the position
that the nerve growth cones and primordium had reached
at the time of removal (Figure 4C). However, posterior
to that level there was an increase in the number of
Figure 3. Primary Neuromasts DevelopOn Schedule in Fish Lacking neuromasts on the extirpated side (Figure 4C, red arrow-
Glia, but Development of Secondary Neuromasts Is Accelerated head) when compared to the control side (yellow arrow-
DASPEI-positive neuromasts were counted at 2–5 dpf for hps/hps head). These data support the idea that interactions
(blue); cls/cls (pink); cls/ or / injected with ngn-MO (yellow); between the pLL nerve and interneuromast precursors
cls/cls injected with ngn-MO (turquoise); cls/ or / (purple); and are required as early as cells are initially deposited
hps/ or / (brown). Mean  standard error for at least ten em-
from primI.bryos is shown.
Mutations Causing Precocious NeuromastAlthough extirpation of the pLL ganglion altered neu-
Formation Are Missing Gliaromast patterning, we noted that by 4 dpf the ganglion
In a screen for mutations affecting lateral line develop-and nerve had regrown (see Figure 2C). We thus investi-
ment, we identified three that showed excess neuro-gated the time course of axon regeneration. By 10 hr
masts. We screened approximately 400 mutants in theafter extirpation, we observed regrowth of Hu:GFP-
Tu¨bingen stockcenter and also performed a new small-expressing axons over several somite lengths (Figure
scale screen (T.P., unpublished data). We isolated three
recessive mutants that at 4 dpf possessed almost twice
the number of trunk neuromasts as wt larvae, the same
phenotype we saw in larvae lacking the pLL nerve (Fig-
ures 2D–2F and 2H). These mutants are colorless (cls;
Kelsh et al., 1996), which carries a mutation in sox10
(Dutton et al., 2001); hypersensitive (hps; Whitfield et al.,
1996); and rowgain (rog; T.P., unpublished data). rog
and hps are otherwise morphologically normal and do
not show embryonic pigment defects similar to cls; the
molecular lesions in these mutants have not yet been
identified. Sox10 is required for the differentiation of
non-ectomesenchymal neural crest cells, and thus cls
mutant embryos have defects in pLL glia (Kelsh and
Eisen, 2000). The neurons and axons of pLL nerve are
present in cls (Figure 2D), suggesting that the glia are the
component of thepLL nerve responsible for regulating 2
neuromast differentiation.
Since the axons of the lateral line nerve are also pres-
ent in rog and hps mutants (Figures 2E and 2F), we
Figure 4. Ganglion Extirpation Leads to Precocious Development sought to determine whether glial cells were defective
of Neuromasts as in cls mutants. At 4 dpf, mutant embryos with extra
(A) Compiled confocal stack showing a lateral view of growth of the neuromasts lacked expression of the myelin gene mbp
pLL axons and glia 10 hr after extirpation (approximately 33 hpf).
along the pLL nerve (Figure 5B), whereas wt siblingsTg(hu:GFP) embryo stained with anti-acetylated tubulin antibody in
with a normal complement of neuromasts showed nor-green and anti-Foxd3 antibody in red. At least two pLL neurons
mal mbp expression (Figure 5A). We also examinedhave regenerated and have extended growth cones. White arrow-
40–44 hpf embryos for expression of Foxd3 protein, anheads point to the Foxd3 glia cells migrating out on the growing
axons. (B and C) Tilted, lateral views of ganglion extirpated embryos early marker of peripheral glial cells (Kelsh et al., 2000;
stained with DASPEI. The tilt allows a view of the neuromasts on J.A. Lister et al., submitted). At this stage, the neuromast
both sides of the embryo. Red arrowheads point to the extirpated phenotype is not yet distinguishable. Approximately
side; yellow arrowheads point to the neuromasts on the control side
one-quarter of embryos lacked Foxd3-positive cellsof the fish. (B) fish whose ganglion was removed at about 22 hr.
along the pLL nerve (18/60 in hps and 13/53 in rog;DASPEI has also been absorbed by the posterior gut. (C) Embryo
Figures 5C–5E). In contrast, both mutants had Foxd3-whose ganglion was extirpated after the primordium had reached
somite 12. positive satellite glial cells surrounding thepLL ganglion.
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Figure 5. hps and rog Lack Glia along the Lateral Line Nerve
(A and B) In situ hybridization with myelin basic protein (mbp) on 4 dpf embryos. Black arrows point to the mbp expressed along the LL nerve
in wt (A), while expression on the LL nerve is absent in hps, although mbp expression in the CNS persists, indicated by black arrowhead (B).
(C–E) Confocal stacks of immunohistochemistry on 2 dpf embryos with anti-acetylated tubulin antibody in green indicating the pLL nerve and
anti-foxd3 antibody marking glial precursors in red. Lateral views, anterior to the left, at the level of the pLL ganglion (large, white arrows) are
shown. Small, white arrows mark the glial precursors that have migrated along the pLL nerve in wt (C). foxd3-positive glial precursors surround
the pLL ganglion but fail to migrate in hps (D) and rog (E).
As with embryos injected with ngn1-mo, the initial the Tg(foxd3:GFP) line that labels pLL glial cells and
deposition of 1 neuromasts is normal in cls and hps their precursors (Gilmour et al., 2002). We extirpated
embryos, and excess neuromasts are added on subse- GFP-positive cells that were just posterior to the otic
quent days (Figure 3, compare pink to purple lines and vesicle at 14–18 hr and assessed delay or loss of glial
blue to brown lines, respectively). We also directly ob- migration compared to the contralateral side the next
served primordiummigration in cls embryos using time- day (Figures 6A and 6B). At 4 dpf, the number of neuro-
lapse microscopy and did not detect any change in masts was scored by DASPEI staining, regardless of
the size of the primordium nor note an increase in the the success of the ablation. Surprisingly, most (16/24)
frequency of initial neuromast deposition (data not experimental embryos had a normal distribution of glial
shown). Together these results suggest that excess neu- cells, suggesting regeneration of glial precursors; only
romasts found after disrupting glial cell development one of these embryos had the excess neuromast pheno-
are not extra 1 neuromasts but may instead be preco- type. However, one-third of the fish (8/24) showed a loss
ciously developing 2 neuromasts. or delay in glial migration, and the majority of these
To test whether precociously differentiating neuro- animals (5/8) had excess neuromasts (16.6  1.46) on
masts in cls arose via the same mechanism as ngn-mo, the experimental side compared to the control side
we injected ngn-MO into one-cell stage embryos, one- (9.8 1.21). These fish had no other obvious neural crest
quarter ofwhichwere cls homozygotes. cls;ngn-MOani- defects. Figure 6 depicts an embryo that had delayed
mals had the same number of neuromasts as /; ngn migration of glia on the ablated side at 2 dpf (Figure
MO or/cls; ngn-MO animals (Figure 3, compare yellow 6B) and showed excess neuromasts on the same side
to turquoise lines). This result argues that in both experi- (Figure 6C, red arrowheads) compared to the control
mental conditions the same population of neuromast side (yellow arrowhead) at 4 dpf. Together with our anal-
precursors is affected, supporting the idea that the ex- ysis of genetic mutants, these results suggest that the
cess neuromasts arise via the same mechanism—loss glial cells along the pLL nerve are required to repress
of pLL glial migration into the trunk. the precocious development of neuromasts.
Since the clsmutation affects several neural crest cell
types besides glia, we injected an antisense morpholino
Transplantation of Glia in cls and hpsoligonucleotide to foxd3 (foxd3-MO) into wild-type em-
Rescues Neuromast Patterningbryos to examine neuromast formation in embryos with
To address whether glia are sufficient to rescue thea different subset of neural crest cells disrupted. Foxd3
excess neuromast phenotype in mutant embryos, wehas been shown to be important for glial cell differentia-
transplanted rhodamine-dextran-labeled cells fromtion in vitro (Kos et al., 2001) and is required for Schwann
Tg(foxd3:GFP) transgenic blastulas into thepresumptivecell development in zebrafish (J.A. Lister et al., submit-
neural crest domain of both hps and cls gastrulas. Re-ted). Fourteen percent (n  128) of embryos injected
sults are shown in Table 1, and examples of transplantswith 2 ng of foxd3 MO showed the excess neuromast
are shown in Figure 7. In some cases, we saw bothphenotype at 4 dpf (Figure 2G). A similar percentage of
neural crest- and placodally derived cells in the sameembryos also showed dramatically reduced expression
embryo (Figure 7B), as predicted by the close proximityof mbp RNA at 4 dpf (data not shown), suggesting that
of their fate map positions (Woo and Fraser, 1995; Koz-these fish lacked functional glia along their pLL nerve.
lowski et al., 1997). Expression of Tg(foxd3:GFP) initially
distinguishes glial cells from interneuromast cells whenAblation of pLL Glial Cells Alters Secondary
they are adjacent along the horizontal myoseptum, al-Neuromast Formation
though by 4 dpf the interneuromast cells have movedTo demonstrate that glia inhibit 2 neuromast formation,
we ablated neural crest-derived glial precursors using ventrally and are quite distinct from glia (Figures 7B and
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Figure 6. Ablation of Glia Leads to Excess
Neuromasts
Lateral views of Tg(foxd3:GFP) embryos at 52
hr merged with a brightfield image (A and B).
The white arrows point to foxd3:GFP-positive
glial precursors along the pLL nerve on the
control side (A), whereas (B) shows the ab-
sence of glial precursors along the pLL nerve
on the ablated side. Boxed areas are shown
at higher magnification in fluorescence only.
Tilted, lateral view of DASPEI staining super-
imposed on a brightfield image of a 4 dpf
embryo (C). Neuromasts on both sides of the
body can be seen. The neuromasts on the
control side are indicated by the yellow ar-
rowhead and are out of focus. Neuromasts
on the ablated side are indicated by the red
arrowheads.
7C). In these transplants, rescue correlated with large in interneuromast cells, and in 2 neuromasts. Similar
uncaging experiments with primII at 42 hpf and fixationclones of glia that extended completely to the tip of the
tail (Table 1; Figure 7D), while glial clones that did not of the embryos at 7 dpf indicate that although it gener-
ates three to four neuromasts in clsmutants, it is not theextend completely failed to rescue (Table 1; Figure 7E).
In total we saw 100% rescue for those embryos that source of the precocious neuromasts (data not shown).
To assess whether secondary neuromasts might behad fully extending glial clones, regardless of whether
or not they had placodally derived wt cells (Table 1; formed from increased proliferation of interneuromast
cells, we incubated wt and cls embryos at 48 hpf andFigures 7B–7D and 7F). Placodally derivedwt cells alone
fail to rescue hpsand cls (Table 1). The embryo in Figures 69 hpf in BrdU for 3 hr and then performed an in situ
hybridization with eya1 (Figure 8D–8G and 8H–8N). Ini-7D and 7E is unique in that the neural crest clone
spanned the top of the embryo and glial cells are present tially, when eya1 cells are juxtaposed to the nerve
(51 hpf), there is a low level of proliferation detectableon both sides. On one side, glia did not migrate all the
way to the tail, andwe see precocious neuromasts along among the interneuromast cells (0.52 0.09 BrdU cell/
somite; Figures 8D and 8K). BrdU incorporation signifi-the entire trunk (Figure 7E). However, on the contralat-
eral side, gliamigrated all theway to the tail. On this side, cantly increases at later stages (1.11  0.13 BrdU
cell/somite; t test, p  0.004), which coincides with thethe neuromasts are rescued to a wt pattern (Figure 7D).
movement away from the glia (Figures 8F and 8M). In
contrast, cls embryos have high levels of proliferationPrecocious Differentiation of Interneuromast
Cells in Embryos Lacking Glia at 51 hpf,when the interneuromast cells are still adjacent
to the nerve (Figures 8I and 8J). Proliferation continuesWe propose that the excess neuromasts found in em-
bryosmissing glial cells result fromprecocious prolifera- in cls at later times (Figures 8G and 8N). Taken together,
these results suggest that 2 neuromasts are derivedtion and differentiation of interneuromast cells. To ad-
dress this issue, we compared the expression of eya1 from proliferating interneuromast precursors derived
fromprimI. In embryos lacking glia, precocious prolifera-among wt, cls, and hps embryos at different stages of
development. The distribution of eya1 cells is different tion among the interneuromast precursors leads to ac-
celerated addition of 2 neuromasts. Together these re-in glial mutants; rather than forming a discrete line of
cells, the interneuromast cells have precociously ex- sults suggest that interneuromast cells are latent
precursors that proliferate to give rise to new neuro-panded and resemble developing neuromasts (Figures
8A and 8B). Subtle expansion of the interneuromast cells masts after release from an inhibitory glial signal.
begins even prior to the completion of primI migration
(Figure 8B). The thickenings become progressivelymore Discussion
defined at somite boundaries (Figure 8C), until by 3–4
dpf they appear to be neuromasts (Figures 8H and 8I). In this study, we provide evidence for glial cell regulation
of sensory hair cell precursors. By a combination of inThis corresponds with the developmental schedule of
neuromast addition detected by DASPEI staining in all situ hybridization and cell labeling by fluorescein uncag-
ing, we demonstrate that 2 neuromasts are generatedthe embryos lacking glia (see Figure 3). We labeled primI
in cls mutants by fluorescein uncaging to verify that it from latent precursors deposited between the 1 neuro-
masts by primI. These interneuromast cells remain qui-was the source of precocious neuromasts (Figure 8J).
At 6 dpf, labeled cells were found in 1 neuromasts, escent while they lie adjacent to the lateral line nerve
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Figure 7. Transplanted WT Glia that Extend to the Tail Can Suppress the Development of Precocious Neuromasts in hps
(A–C) Immunohistochemistry with anti-acetylated tubulin antibody shown in green, wt-derived rhodamine dextran-labeled cells shown in red.
In hps, the defasciculated, unanchored nerve and the excess neuromasts are evident (white arrowheads) (A); the contralateral side that
received cells (red) from a wt donor displays a rescued pattern of neuromasts (white arrowheads) (B). Single-channel view of donor-derived
rhodamine cells that contribute to the neuromasts, the interneuromast cells (displaced ventrally at this time) (yellow arrowheads), some cells
in the CNS, and significantly, a full complement of glial cells (blue arrowheads) (C). In addition to rescuing neuromast pattern, fasciculation
and anchoring of the nerve is also rescued (indicating that the red cells along the midline are glia). Pigment cells obscure the fluorescence
along the horizontal myoseptum (gray arrows). (D and E) DASPEI stain (yellow) of an embryo that received a large bolus of wt; Tg(foxd3:GFP)
cells. Neural crest migrated to both sides of the embryo; however, only the side where the glia migrated completely down the trunk was
rescued (D). The rescued side has few, dispersed neuromasts (D). Boxed area is shown at higher magnification. Pigment cells partially obscure
the GFP in the glial cells. The unrescued side has excess neuromasts. White arrow indicates where the glia terminate (E). (F) Mean of the
number of neuromasts at 4 dpf in hps controls (con) or after transplantation with an incomplete glial clone or with a complete glial clone to
the end of the tail. Complete clones resulted in a highly significant difference in neuromast numbers compared to hps control or incomplete
clone (p  0.00001 via the Student’s t test).
and associated glia; however, they increase proliferation cells. Taken together, our results support amodel where
nerve-associated glia control the timing of neuromastand differentiate into neuromasts after they move away
from the nerve. Experimental elimination of the lateral precursors through inhibitory signals.
line nerve or glia results in precocious differentiation of
interneuromast cells. Restoration of wt glia into embryos Sources of Secondary Neuromasts
with mutations in cls/sox10 or hps rescues the appro- There are several probable sources of secondary neuro-
priate temporal differentiation of the interneuromast masts, including the interneuromast cells described
here. It has been shown previously that a second poste-
rior-migrating primordium, primII, also gives rise to 2
Table 1. WT Cells Transplanted into Glia-less Mutants
neuromasts that differentiate in-between the 1 neuro-
Glia Placodal Cells hps Rescue cls Rescue masts (Ledent, 2002; Sapede et al., 2002). Interestingly,
we find that a trail of eya1-positive cells also follows  6/6 2/2
primII (Figure 1), suggesting that it may also deposit  20/20 2/2
  1/11 0/2 another set of latent precursors that subsequently differ-
  0/4 0/2 entiate into new neuromasts. In other aquatic verte-
  0/5 0/1 brates, 2 neuromasts have also been described to arise
, indicates the glia covered the pLL nerve completely at 2 dpf. by budding of the 1neuromasts (Stone, 1935;Winklbauer,
, indicates incomplete glial coverage of the pLL nerve or the pres- 1989; Ledent, 2002). We have not found strong evidence
ence of placodally derived cells. to support or refute this mechanism in zebrafish. The neu-
, indicates the absence of a cell type.
ral crest has also been reported to contribute to lateral
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Figure 8. eya1-Expressing Interneuromast
Cells Give Rise to Precocious Secondary
Neuromasts in Embryos Lacking Glia
(B, C, H, and I) Expression of eya1 in embryos
lacking glia. The interneuromast cells show
aberrant organization (black arrows) as early
as 35 hr in embryos lacking glia, as shown in
hps (B) as compared to wt (A). Brown spots
are pigment cells. Expansion of the interneu-
romast cells continues in embryos lacking
glia until discrete neuromasts form, as shown
by cls at 42 hpf (C), 60 hpf (H), and 100 hpf
(I). The migration of primII (black arrowhead)
is unaffected in cls. Refer to Figure 1 to com-
pare expression of eya1 in wt at comparable
stages. (J) Precocious 2 neuromasts arise
from primI. Blastula was injected with caged
fluorescein. At 26 hpf, primI was uncaged;
development was allowed to proceed until
6 dpf. Fab fragments were used to detect
uncaged fluorescein. Labeled cells give rise
to all but three to four neuromasts in embryos
lacking glia; cls is shown (J). (D–G and K–N)
Increased BrdU incorporation coincides with
formation of the secondary neuromasts. Wt
and cls embryos at 48 hpf and 69 hpf were
incubated for 3 hr inBrdUand thenprocessed
for in situ hybridization with eya1 to identify
the interneuromast cells. Brightfield (K–N)
and composite brightfield and fluorescent im-
ages (D–G) show the expression of eya1 (blue)
compared to cells that have incorporated
BrdU (red). (D, E, K, and L) At 51 hpf, the
interneuromast cells are still located at the
horizontal myoseptum (as shown by the mel-
anophores in wt). The wt embryo has three
cells along the chain of interneuromast cells
where eya1 seems to colocalize with BrdU
(arrowheads) (D and K). Wt embryos at 48–51
hpf had an average of 0.52 BrdU cells per
somite (0.09). cls embryos have precocious proliferation among the eya1-expressing cells at 51 hpf (E and L). 72 hpf (F, G, M, and N). Wt
(F and M). The interneuromast cells have moved ventrally; a melanophore marks the horizontal myoseptum (asterisk). The interneuromast
cells have formed distinct foci and have significantly higher levels of BrdU incorporation than the younger group, average of 1.11 BrdU
cells/somite (0.13), t test, p  0.004. The 1 neuromast and primII (black arrowhead), just out of the focal plane, have proliferating cells as
well. cls embryos continue to have high levels of BrdU incorporation among the eya1 cells (G and N).
line neuromasts even later in development, at 21 dpf (Col- terning. Together these results suggest that the interac-
tions between glia and interneuromast precursor cellslazo et al., 1994). While we cannot rule out the neural crest
as a source, our data, as well as that of Ghysen and need to be continuous from the initial deposition of both
cell types.colleagues (Gompel et al., 2001a; Sapede et al., 2002)
suggests that all early-forming neuromasts are gener-
ated from cells deposited by the migrating primordia. How Do Glial Cells and Neuromast
Precursors Interact?
While neurons are typically thought to regulate glial de-When Do Glial Cells and Neuromast
Precursors Interact? velopment, for example, by promoting the differentiation
of Schwann cells (reviewed by Garratt et al., 2000a), itOur results suggest that interneuromast precursors re-
quire early and perhaps continuous contact with glial is now understood that glia also control neuronal devel-
opment (Garratt et al., 2000b; Fields and Stevens-Graham,cells to remain undifferentiated, even though functional
2 neuromasts that arise after glial elimination do not 2002; Granderath and Klambt 1999). For example,
astrocytes derived from adult rat hippocampus increasebecome apparent for several days. Extirpation experi-
ments suggest that glial cells are needed as the primor- both proliferation and neurogenesis in hippocampal
stem cells, in vitro, both by contact and diffusible signalsdium migrates and deposits precursors, and this re-
quirement cannot be compensated for by glia found on (Song et al., 2002). Additionally, cerebellar granule cell
precursors cease proliferation and differentiate whenthe regenerating nerve less than 10 hr after ablation.
Transplantation studies suggest that this initial interac- cocultured with astrocytes (Gao et al., 1991). The situa-
tion most strikingly similar to the one we report here istionmaybecontinuously required, sinceonly restoration
of glia along the full length of the lateral line nerve in found inDrosophila, where glial cells temporally regulate
neuroblast development by secretion of Anachronismcls or hpsmutant embryos could rescue neuromast pat-
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protein that represses cell division; mutations in the erbB3. However, we do not think that the genes affected
in these mutants play a direct role in the proposed inter-anachronism locus result in precocious neuroblast divi-
sion (Ebens et al., 1993). These examples indicate that actions between glia and interneuromast cells but rather
that, as for cls, these mutations block glial developmentglia have the capacity to regulate the proliferation of
neural cells types. and thus secondarily affect neuromast patterning.
There are several possible mechanisms through
which glia might control the development of neuro- Heterochrony
masts. One possibility is that the role of glia is indirect Our results suggest that, in the absence of glial cells,
and loss of glia alters a function of the axons that is 2 neuromast precursors precociously differentiate. Ac-
required for the proper temporal and spatial distribution celerated neuromast formation in the cls, hps, and rog
of the neuromasts. We do not think that reducing electri- mutants is an example in which the lack of an inhibitory
cal activity of the nerve is sufficient to alter neuromast signal from one cell (glia) to the other (sensory precursor
patterning, since treatment of fish with the Na channel cells) leads to premature differentiation of the latter. The
blocker MESAB at a dose sufficient to prevent activity- acceleration of neuromast maturation in mutant versus
dependent apoptosis in the Rohon-Beard neurons (Svo- wild-type larvae is reminiscent of heterochrony, the term
boda et al., 2001) did not produce the excess neuromast coined by Haeckel to describe the accelerated or re-
phenotype (K.A.G., unpublished data). However, we tardeddevelopment of a particular structure in an organ-
cannot rule out that glia do not alter some other aspect ismcompared to its ancestor (Haeckel, 1875; Hall, 1990).
of nerve-neuromast interaction. Alternatively, glial cells Most heterochronic mutants have been isolated in
may directly interact with interneuromast precursor screens in C. elegans (Ambros, 2000) and, to our knowl-
cells. One possibility is that adhesion to glial cells physi- edge, cls, hps, and rog are among the first vertebrate
cally prevents 2 neuromast coalescence; although this mutants that clearly affect developmental timing.
seems unlikely to be the major mode of regulation, given The timing mechanisms of neuromast deposition vary
that cell proliferation is associated with formation of among different aquatic vertebrates. Pichon and Ghy-
the secondary neuromasts. We favor the idea that glia sen (2004) have recently analyzed neuromast patterning
provide an inhibitory signal via cell contact or a short- in a number of organisms, including several teleost spe-
range secreted molecule. The inhibitory signal might be cies. In most teleosts, the pattern of deposition follows
temporal; it might turn off simultaneous to the ventral that described for zebrafish, with a small number of
movement of the cells away from the glia. Alternatively, neuromasts initially deposited, followed by several
the regulatory cuemight be spatial; itmight function over waves of neuromast addition to reach the adult form.
short range, so that when interneuromast cells move However, in the more derived protocanthopterygeans
ventrally, they move away from the control of the glia. (trout, pike), many more neuromasts initially develop, as
We cannot yet distinguish between these possibilities. might be expected if precocious differentiation of 2
Regulation of precursors may be linked to suppres- neuromasts were naturally occurring. It would be inter-
sion of cell division and, once proliferation commences, esting to determine the origin of the excess embryonic
differentiation may proceed apace. Alternatively, the neuromasts in these species.
glial signal may suppress a differentiation program, of
which early events include proliferation. Proliferation oc- Temporal Regulation of Neuromast Development
curs prior to the expansion of eya1 cell clusters and Why do zebrafish regulate the pattern of neuromast de-
any obvious differentiation of hair cells (e.g., uptake of velopment? That some fish generate many more initial
DASPEI) in both wt and glial mutants. Proliferation is neuromasts suggests that precocious differentiation is
also precociously upregulated in both cls (Figure 8) and not necessarily detrimental to the organism. Indeed, ho-
hps (data not shown) compared to wt embryos. While mozygous hps animals are viable, which implies that
these observations support the idea that cues from the early differentiation of 2 neuromasts in zebrafish is not
glia may regulate proliferation, we cannot tease out debilitating (at least in laboratory conditions).
whether cell division is part of a differentiation cue. Fur- One reasonable explanation for the temporal regula-
ther understanding will require determining the molecu- tion of neuromast development is that it allows the fish
lar nature of the glial signal. to develop a working lateral line while the fish is small
and subsequently addmore neuromasts as it grows. The
embryo would not have to expend energy generatingGenetic Pathway Affected in Glial Cell Mutants
While cls encodes sox10 (Dutton et al., 2001), the genetic neuromasts that might be so close together as to be
functionally redundant and thus could quickly establishlesions underlying hps and rog have not yet been identi-
fied. Candidate genes include members of the neuregu- a primitive scaffold on schedule during its initial rapid
development from fertilization to swimming/feedinglin pathway that is involved in glial differentation and
survival (Garratt et al., 2000a), including the receptor stage. Another explanation is that the tight temporal
regulation of 2 neuromast formation might be requirederbB3, which acts downstream of sox10 (Britsch et al.,
2001). hps and rogmutant embryos still possess satellite to maintain the somatatopic map of lateral line neuron
projections in the hindbrain (Gompel et al., 2001b; Alex-glia in their sensory ganglia (Figures 5D and 5E) and in
addition have a loss of dorsal root ganglion neurons andre and Ghysen, 1999). It will be important to investi-
gate whether this somatotopy is properly established(K.A.G., unpublished data) reminiscent of the phenotype
described for erbB3 knockout mice (Riethmacher et al., and maintained in mutants with precocious neuro-
mast differentiation.1997). We are currently testing whether hps or rogmight
encode members of the neuregulin pathway, including Finally, temporal regulation of neuromast develop-
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Antibody Stainingment might ensure that hair cells within the neuromasts
Antibody staining was performed as described in Raible and Krusehave the correct polarity. Lo´pez-Schier et al. (2004) have
(2000). Embryos were anesthetized in MESAB and fixed for 2 hr inrecently demonstrated that hair cells within neuromasts
4% paraformaldehyde in PBS (pH 7.2) at RT. Embryos were then
adopt polarity based on the direction of their migration. washed in PBS/0.1% Triton X-100 three times for 15 min. Then the
Primary neuromasts adopt the anterior/posterior (paral- embryos were washed in distilled water for varying times depending
on age; 30–48 hpf fish were washed once for 30 min, 49–71 hpf fishlel) polarity established by the migration of the primor-
were washed for 1 hr, 72–95 hpf were washed for twice for 1 hr,dium, whereas secondary neuromasts from primII have
96–120 hpf fish were washed for three times for 1 hr. Embryos weredorsal/ventral (perpendicular) polarity based on ventral
then blocked for 1 hr in 2% goat serum, 1% bovine serum albuminmovement during their maturation. Thus, the delay in
(BSA), 1% DMSO, 0.1% Triton X-100, and 0.02% sodium azide in
the formation of the secondary neuromasts from the PBS. Embryos treated with Foxd3 antibody were blocked in the
interneuromast cells might be crucial to ensure that same solution described above, except that it was 20% goat serum.
Embryoswere incubated at RT overnight in the appropriate antibodythese neuromasts form only when they begin to move
diluted in its blocking solution. Anti-acetylated tubulin antibodiesventrally and hence adopt perpendicular polarity. It will
(Sigma, St Louis, MO) were diluted 1:1000; anti-Foxd3 antibodiesbe interesting to determine whether 2 neuromasts from
(J.A. Lister et al., submitted) were diluted 1:1000; anti-BrdU antibod-different sources, primary interneuromast cells or sec-
ies (Becton Dickinson, San Jose, CA) were diluted 1:50. Embryos
ondary primordium, also show differences in polarity. were then washed three times for 1 hr in PBS/Triton X-100. Donkey
anti-mouse FITC and Cy3 conjugated antibodies (Jackson Lab, Bar
Harbor, ME) and goat anti-rabbit Alexa568 conjugated secondaryExperimental Procedures
antibodies (Molecular Probes, Eugene, OR) were diluted 1:1000 in
blocking solution. Embryos were incubated overnight at RT with theFish Strains and Maintenance
appropriate secondary antibody, then washed three times for 15Fish were maintained at 28.5 as described in Westerfield (1994).
min in PBS/0.1% Triton X-100. Some embryos were counterstainedEmbryos were obtained from timed matings. Stages are given as
with Sytox Green (Molecular Probes, Eugene, OR) at 1:300 in PBS.hours postfertilization (hpf) or days postfertilization (dpf) following
Embryos were transferred to 50% or 70% glycerol and mounted onKimmel et al. (1995). The following mutant alleles were used: color-
bridged coverslips. Specimens were then examined on a Zeiss LSMless, tw11 and t3; hypersensitive, tc288D and t5419; rowgain, t823.
Pascal confocal microscope or the Zeiss Axioplan 2 microscope,Different alleles showed no differences in neuromast phenotype.
and images were processed in Adobe Photoshop.Wild-type strains were AB.
Fate Mapping Experiments and Immunohistochemistry
Morpholino Injections
We used photoactivatable caged fluorescein for fate mapping of the
Antisense morpholino oligonucleotides were obtained from Gene
primordia using a protocol modified after Kozlowski and Weinberg
Tools (Corvallis, OR). Embryos were injected with 5 ng ngn1 MO
(2000). Lysine fixable caged fluorescein (2.5%) (Molecular Probes,
of the following sequence: 5-ACGATCTCCATTGTTGATAACCTG-
D7146) was injected at the one- to two-cell stage under low light
3 (Andermann et al., 2002) and 5-CCATATCGGAGTATACGATCTC
conditions. The embryos were kept in the dark until 1–2 days of
CAT-3. The 11 bp overlap is underlined. Three ng mitfa MO or 2 ng
development. The embryos were anesthetized, mounted in 5%
of foxd3MOwas injected asdescribed in J.A. Lister et al. (submitted).
methyl cellulose, and the primordia were illuminated with a Micro-
Injections were done at the one- to four-cell stage using a pressure
point Laser System mounted on a BX51W1 Olympus microscope
injection apparatus (ASI, Eugene, OR).
using a 40 water-immersion objective. Embryos were individually
reared in 24-well dishes in the dark and fixed between 48 hpf and
8 dpf in 4% paraformaldehyde overnight at 4C. After fixation, em-DASPEI Staining
bryos were stored at20C in MeOH, then washed three times withFish were anesthetized in MESAB (MS-222; Sigma, St. Louis, MO)
PBS containing 1% DMSO (PDT). The embryos were then treatedand incubated in 0.01% DASPEI (Molecular Probes, Eugene, OR)
with acetone for 7 min at 20C and subsequently washed threefor about 10 min. Fish were then visualized using a Nikon SMZ1500
times in PDT. To inactivate endogenous alkaline phosphatase, em-fluorescent dissecting microscope or a Zeiss Axioplan 2 micro-
bryos were incubated for 10 min at 60C. Subsequently, they werescope. Photographs were taken with a Spot Camera and software.
blocked in NBT (PBST plus 10% newborn calf serum) for 1 hr at RTImages were processed in Adobe Photoshop.
followed by incubation in anti-fluorescein-AP Fab fragments (Roche)
overnight at 4C. The embryos were washed four times in PBST,
Cell Extirpation then equilibrated for 5 min in reaction buffer followed by a color
Extirpations were performed as described (Raible and Eisen, 1996). reaction using 5-bromo-4-chloro-3-indolyl-phosphate (BCIP) and
Tg(hu::GFP)-expressing embryos (Park et al., 2000) were used to 4-nitroblue tetrazolium chloride (NBT) as described (Piotrowski and
identify the pLL ganglion. Ganglia were extirpated at about 20–22 Nusslein-Volhard, 2000). To detect GFP by immunohistochemistry,
hpf, after primI had separated but prior to significant migration. For we treated the embryos as above but used a 1:5000 dilution of anti-
later extirpations, ganglia were removed when the leading tip of green fluorescent protein (Molecular Probes, A11122) followed by
primI reached the level of somites 10–12. To eliminate pLL glial cells, incubation in a 1:400 dilution of Alexa 488 secondary anti-rabbit
GFP-expressing cells lateral to the neural tube in the regionposterior antibody. Neuromasts were counterstained by immersing them for
to the ear were removed from 14–18 hpf Tg(foxd3:GFP) transgenic 30 min in a 1:1000 dilution of a 1 mg/ml stock of proidium iodide.
embryos (Gilmour et al., 2002). Neuromast numbers were assayed
at 4 dpf by staining with DASPEI.
Cell Transplant Experiments
Transplants were performed as described (Cooper et al., 2003).
Tg(foxd3:GFP) transgenic donors were labeled with lysinated rhoda-In Situ Hybridization
Embryos were fixed at room temperature (RT) overnight in 4% para- mine dextran (Molecular Probes, Eugene, OR) at the one- to four-
cell stage. A bolus of 50 to 150 cells was removed from donorsformaldehyde in phosphate-buffered saline (PBS, pH 7.2). Whole-
mount in situ hybridization procedure followed standard protocols. staged at 30% epiboly and transplanted into shield-stage host em-
bryos to the presumptive neural crest domain, about halfway be-mbp (Bro¨samle and Halpern, 2002) and eya1 (Sahly et al., 1999)
digoxygenin-labeled probes were synthesized as described. After tween the animal pole and germ ring and about 100 degrees away
from the shield (Woo and Fraser, 1995; Kozlowski et al., 1997). Athybridization, embryos were equilibrated to 70% glycerol, viewed
on the Nikon SMZ1500 or the Zeiss Axioplan 2 microscope, and 2 dpf, the embryos were examined in order to detect rhodamine-
or GFP-expressing cells derived from the donor. GFP was used tophotographed with a Spot digital camera. Images were then pro-
cessed in Adobe Photoshop. distinguish between interneuromast precursor cells and glial cells.
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In the rare case that a donor was not GFP positive, cells were also encodes sox10 and specifies non-ectomesenchymal neural crest
fates. Development 128, 2809–2819.examined at 4 dpf. At that stage, glial cells stay at the midline,
whereas neuromast precursor cells move ventrally. The neuromast Ebens, A., Garren, H., Cheyette, B., and Zipursky, L. (1993). The
pattern was determined by DASPEI staining at 4 dpf. Drosophila anachronism locus: A glycoprotein secreted by glia in-
hibits neuroblast proliferation. Cell 74, 15–27.
BrdU Incorporation Fields, R., and Stevens-Graham, B. (2002). New insights into neuron-
Embryos at 48 hpf and 69 hpf were placed into Ringer’s solution or glia communication. Science 298, 556–562.
EmbryoMedia containing 10 mMBromodeoxyuridine (BrdU; Sigma,
Gao, W., Heintz, N., and Hatten, M. (1991). Cerebellar granule cellSt. Louis, MO) and 15% DMSO for 3 hr at RT (Harris et al., 2003).
neurogenesis is regulated by cell-cell interactions in vitro. NeuronThey were rinsed three times in embryo media and processed for in
6, 705–715.situ hybridization. Following the coloration reaction, embryos were
Garratt, A., Britsch, S., and Birchmeier, C. (2000a). Neuregulin, awashed two times in 2 M HCl and then incubated for 1 hr at RT in
factor with many functions in the life of a Schwann cell. Bioessays2 M HCl to expose the DNA. Embryos were then rinsed three times
22, 987–996.in PBST and processed for staining with anti-BrdU antibody as
described above, with the exception of eliminating the water Garratt, A., Voiculescu, O., Topilko, P., Charnay, P., and Birchmeier,
washes. Goat anti-mouse Alexa 568 (Molecular Probes, Eugene, C. (2000b). A dual role of erbB2 in myelination and in expansion of
OR) was used for detection of the anti-BrdU antibody. BrdU cells the Schwann cell precursor pool. J. Cell Biol. 148, 1035–1046.
were counted if they overlapped with the expression of eya1. Large Gilmour, D., Maischein, H., and Nusslein-Volhard, C. (2002). Migra-
clusters of eya1-expressing cells were excluded to avoid counting tion and function of a glial subtype in the vertebrate peripheral
proliferation in neuromasts. Only somites where eya1 expression nervous system. Neuron 34, 577–588.
in interneuromast cells was apparent were counted. The average
Gilmour, D., Knaut, H., Maischein, H., and Nusslein-Volhard, C.number of BrdU cells was normalized to the number of somites
(2004). Towing of sensory axons by their migrating target cellscounted and then compared by t test.
in vivo. Nat. Neurosci. 7, 491–492.
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